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ABSTRACT: This work is the second in a series of publications
outlining the fundamental principles and proposed design of a
biopharmaceutics classifications system for inhaled drugs and drug
products (the iBCS). Here, a mechanistic computer-based model
has been used to explore the sensitivity of the primary
biopharmaceutics functional output parameters: (i) pulmonary
fraction dose absorbed (Fabs) and (ii) drug half-life in lumen (t1/2)
to biopharmaceutics-relevant input attributes including dose
number (Do) and effective permeability (Peff). Results show the
nonlinear sensitivity of primary functional outputs to variations in
these attributes. Drugs with Do < 1 and Peff > 1 × 10−6 cm/s show
rapid (t1/2 < 20 min) and complete (Fabs > 85%) absorption from
lung lumen into lung tissue. At Do > 1, dissolution becomes a
critical drug product attribute and Fabs becomes dependent on regional lung deposition. The input attributes used here, Do and Peff,
thus enabled the classification of inhaled drugs into parameter spaces with distinctly different biopharmaceutic risks. The
implications of these findings with respect to the design of an inhalation-based biopharmaceutics classification system (iBCS) and to
the need for experimental methodologies to classify drugs need to be further explored.

KEYWORDS: biopharmaceutics classification system, inhaled drugs, iBCS, mechanistic modeling, critical product attributes,
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■ INTRODUCTION

This paper is the second in a series of publications originating
from a Product Quality Research Institute (PQRI) project
exploring the scientific basis and potential design of an
inhalation-based Biopharmaceutics Classification System
(iBCS). The potential for an iBCS was originally considered
during a 2015 AAPS/FDA/USP workshop.1 Based on the
discussions from this event, it was concluded that the
development of an iBCS could provide support to de-risk the
development of inhaled drugs and drug products. Hence, the
intent of developing an iBCS is not in the first instance to predict
bioequivalence (BE) of inhaled products (since this will require
in addition the development of a regulatory framework as well as
the development of accepted and standardized test methods)
but to help understand and mitigate product discovery and
development risks. This conclusion provided the impetus for the
PQRI project.
Fundamentally, an iBCS must correlate key in vitro attributes

of a drug or drug product to a development risk or a clinical risk.
The criticality of the clinical risk is determined by the sensitivity
of a patient response (generally safety or drug efficacy) to
variations in a key drug product attribute. As an example, the

accepted biopharmaceutics classification system for orally
administered drugs (giBCS) defines class 1 drugs as possessing
high solubility in relation to a given dose and high permeability.2

This ensures that giBCS class 1 drugs are rapidly and completely
absorbed. Hence, in vivo variability caused by, e.g., factors such
as variations in physiology, food intake, and formulation are
lower in this class than for giBCS class 2 and 3 compounds where
limited solubility and permeability, respectively, could render
the rate and extent of gastrointestinal (GI) absorption
susceptible to drug product and physiological variations.
Fundamental to the giBCS are three dimensionless numbers,
the absorption number (An, essentially the ratio of radial
absorption rate to axial convection rate in the GI tract), the
dissolution number (Dn, the ratio of GI residence time to
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dissolution time), and the dose number (Do, the ratio of drug
dose over available fluid volume and solubility).2 Hence, giBCS
class 1 drugs are characterized by high An (>1), high Dn (>1),
and low Do (<1).
There is ample evidence in the literature (see ref 1) that the

optimal properties of inhaled drugs differ significantly from
those of orally ingested drugs. For example, inhaled medicines
are generally developed to improve time to onset of action and
safety (by directly targeting the lung).3 Hence, desirable drug
and drug product attributes should be tailored to optimize drug
retention in lungs. Frequently, this results in inhaled drugs being
characterized by either low solubility, low permeability, or high
tissue retention, sometimes at the cost of incomplete absorption.
These properties are not generally desired targets for oral drugs.
Hence, it is evident that an iBCSwill not have the same classifiers
and classification boundaries as the giBCS. This is also true for
the fundamental dimensionless numbers underpinning the
giBCS. Although the Do can be adopted for an iBCS as long
as modifications are made to account for the physiology of the
lung airway lumen (e.g., by replacing the gastric volume in the
giBCS Do with the volume of the epithelial lining fluid (ELF) in
the lung), adapting the absorption number and the dissolution
number is more complicated given that there is no plug flow of
drug through a tube in the lung airways.4

The first paper in this series4 outlined the foundational
principles and framework for an iBCS. The basic hypothesis
behind the adopted approach is that an iBCS can classify drugs
based on the rate and extent of absorption from the airway
lumen into lung tissue. It is also postulated that these functional
parameters are controlled by drug and drug product attributes:
solubility, dose, dissolution rate, and permeability (akin to oral

drugs). Processes downstream to absorptive clearance (CL)
from the luminal space, such as tissue retention and systemic
disposition, are disregarded for the purposes of this work (akin
to the situation for the giBCS). This is also true for processes
downstream to nonabsorptive clearance from the luminal space
by mucociliary clearance (MCC), i.e., absorption of the
swallowed dose. However, the swallowed fraction of the dose
(resulting either from direct deposition of the inhaled dose in the
mouth-throat region during inhalation or by MCC from the
conducting airways) may be considered orally ingested and
should thus be classified according to the giBCS. Although the
contribution of the orally absorbed drug fraction to the total
systemic exposure must be controlled and quantified in addition
to the pulmonary absorbed dose, unless the contribution is
negligible (e.g., due to high first-pass metabolism or
preabsorptive degradation in the GI tract), this is beyond the
iBCS and thus the scope of this work.
The functional parameters controlled by an iBCS are thus

proposed to be: (i) drug half-life in the luminal space of the lung
(t1/2,lung) and (ii) the fraction of the luminal dose absorbed into
and across the airway epithelium (Fabs,lung). These functional
parameters define the rate and extent to which the deposited
drug becomes available to interact with a target in the lung tissue.
This is similar to the approach adopted by the giBCS where
drugs and drug products are classified with respect to their rate
and extent of absorption from the GI tract. Hence, analogous to
the giBCS, it would be anticipated that knowledge of the
sensitivity of these functional iBCS parameters to variations in in
vitro drug and drug product attributes could provide an
understanding of key development risks and thus underpin a
science-based product development strategy. To exemplify this,

Figure 1. Schematic of the Mimetikos Preludium simulation model; fe = fraction exhaled, ET = mouth-throat, BB = tracheobronchial, Bb =
bronchiolar, AI = alveolar interstitial, GI = gastrointestinal, C = central circulation, P = peripheral compartments, E = eliminated, T = transit
compartments in GI, deep = deep compartment, Diss = dissolution of solid particles in lumen (ELF), Perm = permeation of dissolved compound over
epithelium to/from lung tissue, Perf = exchange of compound between systemic circulation and lung tissue by perfusing blood, Kc = 1st-order rate
constant for mucociliary transport from bb to BB (Kcbb) and from BB to 1st transit compartment (KcBB), distributional clearance to/from deep
compartment, K = 1st-order rate constant, f = fraction, F = oral bioavailability, e = expectoration/nose drip, tr and in = intercompartmental transport in
GI, a = absorption from ultimate GI compartment (Tn-T2n), xx = compartment number. The solid blue box encloses processes relevant for this study.
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a typical iBCS class 1 inhaled drug could be defined as a drug
residing in a parameter space where absorption from lumen is
rapid and complete, whereas iBCS class 2−4 drugs would be
characterized by slower and/or incomplete absorption from
lumen due to low permeability, low solubility, or both.4 As is the
case for GI absorption of oral drugs in giBCS class 2−4,
assignment of inhaled drugs to these drug classes would suggest
that absorption from the lung could be affected by dissolution
rate (classes 2 and 4) and by variations in permeability due to
drug and excipients (class 3 and 4). Obviously, the design of an
inhaled drug or drug product requires consideration also of
other key properties such as receptor affinity, mean residence
time in lung, local and systemic tolerability, and systemic
disposition. However, as discussed in paper 1 of this series,4

descriptions of these processes require consideration of
processes downstream to absorption and are thus outside the
scope of an inhaled biopharmaceutics classification system.5

Here, the relationship between the functional output
parameters (t1/2,lung and Fabs,lung) and the postulated key in
vitro drug product attributes dose number (Do) (combining
airway lumen initial deposited drug mass (Mlung) and drug
solubility in ELF (Cs,ELF)), ELF volume, and airway drug
effective permeability (Peff) have been explored using a
mechanistic computer-based model (Mimetikos Preludium).
The initial drug mass used to determine the boundary between
high and low solubility/dose is an input variable in themodeling.
Hence, the selected approach is agnostic to the device, to the
formulation properties, and to the inhalation maneuver, as
discussed in paper 1 of this series.4 Functional output
parameters have been calculated using this model for in vitro
attribute parameter ranges selected to encompass those
observed for existing marketed drug products (Section B,
Supporting Information).
The Mimetikos Preludium model utilized is a physiologically

based pharmacokinetic (PBPK) model capable of mechanisti-
cally linking a drug or product attribute (here, solubility,
permeability, and dose) to predicted and measured systemic PK
response (see refs 6−9). The capability of PBPK models to
provide a transparent mechanistic link between drug and drug
product attributes and local lung and systemic PK makes them
well-established and extensively used research tools (see refs
9−20).

■ MODEL DESCRIPTION
The Mimetikos Preludium model (Mimetikos Preludium ver
1.1.7, Emmace Consulting, Lund, Sweden6) is schematically
outlined in Figure 1. The blue box encompasses the specific
parts of the model that are relevant for this study.
In the Mimetikos Preludium PBPKmodel, the inhaled drug is

deposited in four airway regions: ET (mouth or nose); BB
(tracheobronchial); bb bronchiolar; and AI (alveolar inter-
stitial). The definition of these regions corresponds to the
Weibel generations 0−8 (BB); 9−16 (bb) and 17−23 (AI).21

Each of these regions (denoted by suffix j) is described by
region-specific parametrization of epithelial surface area (Aj),
epithelial lining fluid (ELF) depth, epithelium and tissue depths
(htj), and the blood tissue perfusion coefficient (Qj). ELF
volume, epithelial tissue volume, and lung tissue volumes are
determined by multiplying the surface area and the respective
compartment depths.
The primary functional output parameters calculated in this

study are: (i) drug half-life in the luminal space of the lung (t1/2,j)
and (ii) the fraction of the luminal dose absorbed across the

airway epithelium (Fabs,j). These parameters are calculated by
the model based on (i) the calculated total drug mass remaining
in the ELF versus time (t1/2,j = the time when the drug mass in
ELF is 50% of the initially deposited drugmass) and (ii) the ratio
of absorptively cleared drug mass in ELF over the total drug
mass deposited in ELF. Hence, none of the functional output
parameters are affected by processes downstream to absorptive
or nonabsorptive clearance (since C′aj ≫ C′tj, eq 2 below). The
functional output parameters (t1/2,lung and Fabs,lung) are calculated
on basis of modeling the following three parallel processes.

Dissolution of Solid Drug in Lumen. Dissolution of
polydisperse particles in the ELF takes place according to the
Johnson dissolution model22 with inputs being: calculated or
measured solubility (Cs), diffusivity (Da), and size distribution as
described in eq 1

ρ
− = − ′
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h r
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d
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ij i
ij ij
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s 0
0
1/3 2/3
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where dMij/dt is the dissolution rate for size bin i in region j, ρs is
the particle density, r0i is the initial particle radius, S0ij is the
initial mass of solid, Sij is the remaining mass of solid, hij is the
diffusion layer thickness (hij = r0i(Sij/S0ij)

1/3), and C′aj is the free
concentration in ELF.

Absorptive Clearance from Lumen. Once in solution,
drug is absorbed over the epithelium (lost from lumen)
according to the effective permeability (Peff) value (which is
an input parameter), the surface area in the region, and the free
concentration gradient over the barrier23 (eq 2).

− = ′ − ′
P

t
P A C C

d

d
( )j

eff j aj tjj (2)

where dPj/dt is the rate of transport across the epithelium and
C′tj is the free concentration in the subepithelium (tissue).

Nonabsorptive Clearance from Lumen. The mucociliary
escalator transports the ELF with its solid drug content toward
the pharynx where it is swallowed. This process is described by
two first-order rate constants for transport from bb to BB (Kcbb)
and transport from BB to the first gastrointestinal transit
compartment (KcBB), respectively.

Model Parametrization for Sensitivity Evaluation. To
enable the simulation of rate and extent of pulmonary
absorption, the Mimetikos Preludium PBPK mathematical
model (essentially coupled differential equations mathemati-
cally describing processes 1−3) must be informed by (i) drug-
independent parameters defining the lung physiology (Table 1)
and (ii) drug-dependent parameters defining molecular proper-
ties as well as product performance attributes (Table 2). In
addition, the model requires information on oral bioavailability
and rate of absorption, as well as a compartmental systems PK
model to convert the rate and extent of drug absorption into
plasma concentrations and PK parameters such as AUCt and
Cmax (Table 3).
The physiological parameters listed in Table 1 represent a

Weibel-type lung model scaled to a healthy subject.21 Similarly,
epithelial lining fluid volume (ELF volume totaling 10 mL
represents a conservative estimate of healthy subjects1). First-
order rate constants (Kcj) describing mucociliary clearance
(MCC) from the bronchial (bb) to the tracheobronchial region
(BB) and from BB to the mouth-throat region (ET) are set to
ensure that the half-life of an insoluble particle is about 1 h in the
tracheobronchial region.24
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To investigate the fate of the inhaled drug in the lumen (i.e.,
drug half-life in the luminal space of the lung (t1/2,lung) and the
fraction of the luminal dose absorbed across the airway
epithelium (Fabs,lung)), drug and drug product-specific parame-
ters were selected to represent a low-molecular-weight solid
drug with no tissue affinity (Kp = 1, cf. Table 2). As discussed in
the Introduction section, zero tissue affinity was selected to
ensure that the response of outcome parameters (t1/2,lung
Fabs,lung) to variations in key drug and drug product attributes
dose (Mj), solubility (Cs), and epithelial permeability (Peff)
reflect the impact of those parameters on dissolution and passive
permeation. The key drug and drug product attributes dose
(Mj), solubility (Cs), and epithelial permeability (Peff) were
varied in ranges believed to encompass most pulmonary drug
products on market (cf. Table B1, Supporting Information).
Given the ELF volumes (VELF) listed in Table 1, the dose (M)
and solubility (Cs) ranges listed in Table 2 resulted in dose
numbers (Do, cf. eq 3) ranging from 0.001 to 10000. The initial
dose was distributed to the region or regions of interest
[sensitivity evaluations were performed for conduction airways
(Bb = BB + bb), the respiratory region (AI), or the whole lung
(Bb + AI)]. The distribution of dose within the conducting
airways was divided BB:bb as 2:1, whereas the dose for the whole
lung was divided Bb/AI as 4:6, 3:7, and 2:8 (cf. Supporting
Information Section A). For the purposes of calculating
dissolution rate, the polydispersity of the solid drug was set to
a volumetric median diameter (VMD) of 2 μm with a GSD of 2
for all cases investigated.
In addition to the drug-specific attributes governing extent

and rate of absorption, the model was also informed by a set of
parameters defining oral absorption and systemic distribution
and disposition (Table 3). The systemic PK model was
incorporated to obtain a qualitative estimate of the impact of
variations in extent and rate of pulmonary absorption on Cmax
and AUCt (cf. Supporting Information SectionC). In contrast to
the parameters defining local absorption, these parameters do
not inform a mechanistic model of systemic absorption and
disposition but rather a one-compartmental nonmechanistic PK
model defined by distribution volume (Vd) and clearance (CL).
Since the sensitivity work was focused on pulmonary absorption,
oral bioavailability (Fpo) was set to 0.

■ RESULTS

The response of the primary functional output parameters (t1/2,j
and Fabs,j) to variations in the postulated key in vitro drug
product attributes: airway lumen initial drug mass (Mj), drug
solubility in ELF (Cs,ELF), and airway drug effective permeability
(Peff) are shown in Figure 2. These output parameters were
calculated by mechanistic computer-based modeling for the
conducting airways (Bb), the alveolar interstitial region (AI),
and the whole lung assuming Bb/AI ratios of 2:8, 3:7, and 4:6
(cf. Supporting Information Section C for the full data set). The
response in the primary functional outputs to variations in
regional dose (Mj) and ELF solubility (Cs,ELF) is depicted in
Figure 2 as a variation with the regional dose number (Do,j)
calculated according to eq 3 4

= M V CDo, j ( / )/i ELF,j s,ELF (3)

The regional ELF volumes (VELF,j) are listed in Table 2,
together with the parameter ranges for the input drug product
attributes.

Table 1. Physiological Parametrization of the Mimetikos
Preludium Model

parameter value source

definition of
tracheobronchial region
(BB)

generation 0−8 21

definition of bronchiolar
region (bb)

generations 9−16 21

definition of alveolar
interstitial region (AI)

generations 17−23 21

functional residual capacity 3000 mL 25
extra-thoracic volume 45 mL 25
BB epithelial surface area 0.031 m2 derived from 21
bb epithelial surface area 0.43 m2 derived from 21
AI epithelial surface area 54.7 m2 derived from 21
BB epithelial lining fluid
(ELF) depth

9.7 μm derived from
volume/area

bb epithelial lining fluid
(ELF) depth

4.0 μm derived from
volume/area

AI epithelial lining fluid
(ELF) depth

0.15 μm derived from
volume/area

BB ELF volume 0.3 mL 1
bb ELF volume 1.7 mL 1
AI ELF volume 8.0 mL 1
mucociliary (MCC) rate
constant (KcBB)

0.69 h−1, t1/2, BB = 1 h 24

mucociliary (MCC) rate
constant (Kcbb)

0.078 h−1, t1/2, bb = 9 h 24

Table 2. Values Selected as Inputs for Testing the Sensitivity
of Pulmonary Absorption to Inhaled Drug and Drug Product
Attributesa

parameter range comment

molecular weight
(Mw)

500 g/mol fixed value

diffusivity (D) 3 × 10−4 cm2/min fixed value

ELF solubility (Cs) 0.01−10 000 μg/mL range for sensitivity test

crystal density 1 g/cm3
fixed value

free fraction ELF
(Fu, ELF)

1 fixed value

lung tissue
partitioning (Kp)

1 fixed value

epithelial
permeability (Peff)

1 × 10−5 to 1 × 10−7 cm/s range for sensitivity test

pulmonary region (BB + bb) or AI BB/bb regional split: 2:1

fraction exhaled (fe) 0 fixed value

deposited dose Bb
(MBb)

0.2 μg−200 mg range for sensitivity test

deposited dose AI
(MAI)

0.8 μg−800 mg range for sensitivity test

deposited dose lung
(Mlung)

1 μg−1000 mg Bb/AI regional
split: 4:6, 3:7 and 2:8

volumetric mean
diameter (VMD)

2 μm fixed value

geometric standard
distribution (GSD)

2 fixed value

aThe values are typical, or encompass the range, for drugs developed
as inhaled medicines.

Table 3. Systemic PK Parameters

parameter range comment

oral bioavailability (Fpo) 0% swallowed fraction from MCC
distribution volume (Vd) 10 L 1-compartment model
hepatic clearance (CL) 80 L/h 1-compartment model
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Results shown in Figure 2 and Table 4 indicate that an inhaled
drug with a Do < 1 (i.e., the total dose is soluble in the available
ELF volume) and a Peff > 1 × 10−6 cm/s is rapidly (t1/2 < 0.33 h
or 20 min) and completely (Fabs > 85%) absorbed in all regions
as well as for the total lung at dose deposition patterns (Bb/AI)

of 2:8; 3:7, and 4:6. As Do increases above 1, the total dose
cannot be solubilized in the lumen and this, combined with
lower Peff, results in nonsink conditions, which reduce (i) the
rate of absorption (here shown as an increase in luminal t1/2,
Figure 2A,C,E) and (ii) the extent of absorption (here shown as
a reduction in Fabs, Figure 2D,F). The latter is not observed for
the AI region (Figure 2B) since the mechanistic model is not set
up to include nonabsorptive clearance (e.g., particle clearance by
alveolar macrophages) from this region. The maximum value for
luminal half-life in the Bb region (Figure 2C) is about 1.8 h due
to mucociliary clearance (cf. Table 1), whereas the lumen half-
life in the AI region can increase above 10 h at the upper end of
the Do range.
The predicted increase in lumen half-life as dose number

increases is generally an effect of decreased solubility on: (i)
dissolution of deposited solids (cf. eq 1) and/or (ii) flux across
the epithelial membrane and thus the rate of absorptive
clearance from the lumen (cf. eq 2). The process that is rate-

Figure 2.Response of calculated functional outputs luminal drug half-life (t1/2,j) (A, C, E) and the fraction of luminal dose absorbed (Fabs,j) (B, D, F) to
variation in dose numbers (Do,j) and permeability (Peff) for the alveolar interstitial region (AI), (A, B), conducting airways (Bb, C, D), and total lung
(E, F). Data for Peff = 1× 10−5 cm/s (triangles); Peff = 1× 10−6 cm/s (squares), and Peff = 1× 10−7 cm/s (circles) are shown as separate graphs in each
figure. Each datapoint is the average ± SD calculated for each combination of dose and solubility resulting in a given Do. For total lung (E, F), the
average ± SD also includes a variation in the Bb/AI ratio from 2:8 to 4:6 at each Do.

Table 4. Primary Functional Outputs at Do = 1

region Peff (cm/s) t1/2 [h (min)] ±SD Fabs (%) ±SD

Bb 1 × 10−5 0.065 (3.9) 0.055 95.4 4.9
1 × 10−6 0.286 (17) 0.071 85.6 4.2
1 × 10−7 1.042 (63) 0.063 63.0 1.9

AI 1 × 10−5 0.028 (1.7) 0.048 100.0 0.0
1 × 10−6 0.032 (1.9) 0.049 100.0 0.0
1 × 10−7 0.069 (4.1) 0.066 100.0 0.0

lung 1 × 10−5 0.035 (2.1) 0.049 98.2 1.5
1 × 10−6 0.053 (3.2) 0.070 93.8 3.1
1 × 10−7 0.113 (6.8) 0.092 86.6 5.3
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limiting varies with the individual parametrization, the region of
deposition, and the time course of the simulation, but the
general observation is that sink conditions are lost in ELF as Do
increases, which results in slower absorptive clearance at high
doses, low solubilities, and low permeabilities. This observation
is rare for the AI region due to the large absorptive surface area
but more frequent in the Bb region due to a much smaller
absorptive surface area (cf. Section C, Supporting Information).

■ DISCUSSION
The mechanistic modeling approach used herein has been
widely shown to be accurate in replicating experimentally
determined systemic PK resulting from pulmonary absorption
(see refs 7−20). Assessing local PK in humans is more
challenging due to difficulties in measuring local drug
concentration, precluding the comparison of modeling out-
comes with experimental data. However, using preclinical data,
Boger and co-workers10,11 have successfully linked experimental
salbutamol free-drug concentrations (as estimated by target
receptor occupancy) to simulated local PK providing an example
where the prediction of local PK using this type of methodology
was successful. Furthermore, the close correlation between
calculated and systemic PK observed for fluticasone propionate
[a drug with high Do, dissolution rate-limited t1/2 and regional
variation in Fabs (cf., Table B1, Supporting Information)]
observed by Bac̈kman and Olsson8 suggests that the model used
here is capable of accurately calculating the extent of
nonabsorptive clearance (by MCC) and dissolution rate-limited
absorption from the lumen. Collectively, these findings justify
the use of the Mimetikos Preludium model to identify the
response of primary outputs luminal half-life (t1/2,j) and the
fraction of luminal dose absorbed (Fabs,j) in lung
At Do < 1 and Peff > 1 × 10−6 cm/s, the half-life of drug in the

lumen was predicted to be short (t1/2 < 20 min) and the fraction
dose absorbed was predicted to be high (Fabs > 85%) (Table 4).
This observation is true for all regions investigated (Bb and AI)
and for the total lung at all investigated ratios of regional
deposition (2:8; 3:7, and 4:6). Hence, drugs within this
parameter space (Do < 1 and Peff > 1 × 10−6 cm/s) are likely
to have biopharmaceutics properties akin to those of giBCS class
1 drugs. Drugs within this parameter space could thus be
candidates for an iBCS class 1. The absorption of drugs classified
as iBCS class 1 is not likely to be significantly limited by the
dissolution of inhaled solids, nor is the fraction dose absorbed
likely to be significantly affected by variations in dose or regional
deposition (although the latter may lead to variations in local
tissue levels throughout the lung). This has implications for drug
product development as changes to drug solid state prior to
pivotal clinical studies may be expected to have limited clinical
impact.
As with the approach used to identify the high/low

permeability class boundary in the giBCS, the modeling used
to determine the iBCS permeability boundary excludes
lysosomal trapping, receptor site binding, general tissue
interactions, and the effect of charge.5 Many soluble inhaled
drugs have a high affinity for lung tissue and are thus retained in
the lung after absorption for an extended time.3 Hence, the
classification of an inhaled drug as iBCS class 1 following the
above definition (Do < 1 and Peff > 1× 10−6 cm/s) does not infer
that they are necessarily absorbed rapidly into the systemic
circulation.
Drugs with Do > 1 may display dissolution limited absorption

in vivo. Although the slow dissolution of poorly soluble drugs

with Do’s > 1 contributes to their retention in the lung and thus
to an increased duration of therapeutic effect,3 this desirable
property may come at the cost of increased technical
development risk. For instance, dissolution now becomes an
important drug attribute and should be controlled in order to
control absorption rate. As shown by Rohrschneider et al.,26

Bac̈kman and Olsson,8 and Bac̈kman et al.,14 an in vitro in vivo
relationship (IVIVR) can be established between in vitro
dissolution and PK, but this requires careful consideration
with regard to test methods and their in vivo relevance. Although
a variety of dissolution test methods have been developed, there
is not yet a standard pharmacopeial dissolution method for
inhaled drug products. Another concern for slowly dissolving
drugs may be that lung retention and thus PK and potentially
pharmacological and toxicological findings during preclinical
development are affected by species differences in non-
absorptive clearance, drug solid state, and/or regional species-
induced variations in Do’s.

3,27 Furthermore, variations in dose
deposition caused by differences in aerosol administration
systems or by disease-induced changes to airway morphology
(e.g., airway narrowing in asthma) could render the translation
of PK and pharmacodynamic data between species and between
healthy human subjects and patients more complex for drugs
with high Do. At Do > 1, and especially in combination with Peff
at or below 1 × 10−7 cm/s, Fabs is expected to be reduced in the
conducting airways due to mucociliary clearance of solid drug,
thus reducing overall pulmonary bioavailability (cf. Figure 2).
Slow dissolution under nonsink conditions is the primary
mechanistic explanation for this observation.7,8 Hence, drugs
with high Do and Fabs < 1 (e.g., neutral glucocorticosteroids)1

are likely to display changes in Fabs with variations in deposition
pattern.28−30 This has also been observed in clinical studies, for
example, the bioavailability of fluticasone propionate was found
to be significantly reduced in asthmatics compared to healthy
volunteers, presumably due to an increase in Bb deposition
caused by the narrowing of conducting airways in asth-
matics.31,32 Hence, species-, disease-, and product-induced
variations in Do, as well as formulation-induced variations in
dissolution rate, should be carefully considered whenDo > 1 as it
may affect local and systemic PK and thus complicate the
translation between preclinical data sets, early clinical data sets
in healthy subjects, and later clinical data sets in patient
populations.
The response of secondary PK output parameters (AUC0‑t,

AUC0‑inf, tmax, andCmax) to variations in dose numbers (Doj) and
permeability (Peff) for conducting airways (Bb), alveolar
interstitial region (AI), and total lung (Th) was also determined
(cf. Section C, Supporting Information). However, since the
sensitivity of these parameters depends on other processes such
as drug tissue interactions and systemic disposition not included
in this model, the secondary PK outputs are indicative at best.
The physiological parametrization listed in Table 1 is

regarded to be representative of the anatomy and physiology
of a typical adult subject. Obviously, variation in factors such as
lung volume will influence other parameters such as epithelial
surface areas and epithelial volumes which in turn will affect Do.
Given that the observed variation in functional outputs (t1/2 and
Fabs) is minor at Do < 1, it would require an extreme reduction in
lung volume to significantly affect the conclusions drawn above.
To exemplify the effect on Do, log Do will increase from 1 to 1.3
if the lung volume is reduced to 50% of the value given in Table 1
(roughly 2.5% of the population is expected to have a lung
volume ≤ 50% of the median volume based on data obtained by
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Christou et al.33), nor will variations in MCC due to disease
and/or age affect the total bioavailability of drugs that dissolve
readily (Do < 1).
To limit the data set, some product attributes such as VMD

(GSD), crystal density, and free fraction of dissolved drug in
ELF were set to fixed values. Variation in these values resulting
from drug molecular properties, solid state, and manufacturing
processes will affect the dissolution rate that will in turn affect
dissolution modeled outcomes for drugs with Do≫1, i.e.,
dissolution rate-limited drugs. However, for drugs with Do < 1,
the modeling outcomes are insensitive to realistic variations in
these parameters, and they are therefore not critical for the
purpose of defining a class boundary between dissolution rate-
limited and non-dissolution rate-limited drug products.
In summary, the observations made in this mechanistic

modeling study support that drugs residing within different
parameter spaces could be associated with different product
development risks. Hence, classifying drugs in accordance with
where they reside within the investigated parameter spaces could
provide useful information and input to strategies for product
performance control and translational science. In addition, the
results here suggest that Do (as calculated using ELF volumes
according to eq 3) and Peff could be candidates for classifying
drugs and drug products into useful risk-based parameter spaces
or iBCS classes. The implications of these findings in terms of
the design of a biopharmaceutics classification system for
inhaled drug products (an iBCS), as well as the need for
experimental methods to establish drug classifiers and character-
ize inhaled drug products will need to be explored further.
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